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In an optical configuration consisting of a flat plate of vacuum between upper and lower spaces 
of uniform dielectric regions of n > 1, we have calculated two output light intensities for two input 
lights from the Maxwell's equations as functions of the incision angle, a light intensity ratio, a phase 
difference of the two input lights, and a thickness of the vacuum layer, where the two input lights 
come from upper and lower dielectric regions with the same incision angles, and one of the output 
light goes into upper dielectric and the other goes into lower dielectric. We have found that, when 
evanescent lights exist at the upper and lower boundary and interfere each other, there is one set 
of incision angles and phase differences for any combination of an input light ratio and a thickness 
of the vacuum layer where one of output lights becomes zero. This finding will possibly lead to 
an innovative optical switch with which an optical output light can be switched on and off with a 
control light with an intensity much lower than that of the output light. 

PACS numbers: 42.79.Ta, 42.25.Hz, 51.70.+I 



I. INTRODUCTION 

In the present wired tele-communication, the optical 
fiber using an infrared light with wavelength around 1500 
nm is playing the main role, but the signal processing 
at both ends of the transmission optical fiber is done 
with electronics. That means there are optoelectronic 
and electro-optic converter circuits between optical fibers 
and electronic circuits. In order to avoid a demerit of 
electronic circuits that they are vulnerable of electro- 
magnetic noise and also to simplify devices by eliminat- 
ing optoelectronic and electro-optic converters, a purely 
optical signal processing device represented by optical 
switches has long been desired. 

Optical waveguides are utilized in optical communica- 
tion devices as star-couplers and array waveguide grat- 
ings (AWG) to add or to divide optical signals. A star- 
coupler is a device to divide the energy of an optical signal 
carried by the core of an optical fiber into several out- 
put optical signals. The AWG is used for a filter using a 
characteristic that multiple optical signals interfere each 
other in a small space of a optical waveguide circuit. 

An optical splitter and an optical coupler are made of 




FIG. 1: An optical switch of the present article 



'Electronic address: kitsunczaki@it.aoyama.ac.jp 
t Electronic address: |mizu@it. aoyama. ac.jp| ~ 
^Electronic address: kitsune@it.aoyama.ac.jp 



Optical Fiber , -, ___r 1 

1 — <CT rt=— I 

Laser Input Output 

Splitter Coupler 

FIG. 2: Mach-Zehnder Circuit 



an optical fiber or an optical waveguide. They can be the 
same device by exchanging their inputs and outputs of 
lights. To divide or add optical signals, the device can be 
an optical waveguide with a geometrical branch shape or 
two parallel optical fibers. When two optical fibers are lo- 
cated in parallel and very close to each other, the energy 
of an optical signal is transferred from an optical fiber 
to other fiber. As the optical switching elements, semi- 
conductors or ceramics having characteristics of changing 
their optical properties such as refractive index with elec- 
tric field, magnetic field, or temperature have been de- 
veloped and utilized. Such devices as the one composed 
of a lattice of optical waveguides with optical switching 
materials buried at each cross point of the lattice are 
proposed and some of them have been realized. 

The evanescent light is a kind of light existing on places 
such as the back side of a total reflection prism within a 
very small area, typically within a distance of one wave- 
length. The evanescent light can be developed from the 
Maxwell's equations, but it is only a decade ago that the 
evanescent light became one of major research subjects. 
The evanescent light has already been utilized proba- 
bly based on the empirical findings. That is the divider 
or coupler made of two parallel optical fibers mentioned 
above. The evanescent light appears on the surface of the 
input optical fiber and the energy of light moves into the 
output optical fiber running close by and in parallel. The 
amount of light energy transferred to the output fiber de- 
pends on the gap between two fibers and the length of 
these two fibers running together in parallel. The ra- 
tio of light energy splitting/coupling can be controlled 
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FIG. 3: A theoretical model 



in the manufacturing. This type of a coupler/splitter 
is produced with carefully adjusting the gap and length 
watching the intensity of output light. The produced cou- 
pler/splitter has two input optical fibers and two output 
fibers, and that is one of the simplest example of the four 
terminal circuits as shown in Fig[TJ 

An example of a coupler/splitter application is the 
Mach-Zehnder interferometer which is composed of a 
50:50 splitter and a 50:50 coupler with two transmission 
lines between them, as shown in FigO The splitter and 
coupler in this case are the same configuration as the 
four terminal circuit explained above but one of four ter- 
minals is neglected or the ratio of light energy to one 
of four terminals is designed to be zero. The Mach- 
Zehnder interferometer can also be made by dielectric 
optical waveguides. 

A coherent light injected to the input of the Mach- 
Zehnder interferometer is divided equally to two trans- 
mission lines and when the two transmission lines are 
same, lights from the two transmission lines are simply 
added at the coupler and the same light as the input light 
goes out. When there occurs a phase difference between 
two transmission lines between the splitter and the cou- 
pler, sum of two lights having phase difference is given 
to the output terminal. If the phase difference is n, then 
the output is zero. Therefore, a light switch or a light 
modulator can be made by using a light phase controller 
and a Mach-Zehnder interferometer. 

In this paper, we propose a new type of optical switch 
which is expressed by a four terminal circuit as FigQ] 
Two lights having a particular relation between them in- 
jected into two input terminals produce their evanescent 
lights and through interference of the evanescent lights 
in this new device, the two output lights are switched on 
and off. We have theoretically studied the mechanism 
by solving the Maxwell's equations including evanescent 
lights. 



II. CALCULATION MODEL AND CONTENTS 
OF THIS PAPER 

As shown in FigJ3J we set a calculation model consist- 
ing of three regions. Region 1 : z > d/2, refractive index 
n, region 2 : —d/2 < z < d/2, vacuum (refractive in- 
dex 1), and region 3 : z < —d/2, refractive index n. A 
light (II) with a vacuum wave length A and intensity 1 
is injected from region 1 with an injection angle 9, and 
another light (12) of same wave length with intensity a 
is injected from region 3 with the same injection angle 
9. 12 has a phase difference (delay) rj relative to II when 
the two lights arrive at the boundary at the same x. 

In section Mil we have calculated the ratio R of an 
output light (01) intensity to an input light (II) intensity, 
both in the region 1, with 9 less than the critical angle 
where refraction lights propagate in region 2. We have 
also calculated R with 9 larger than the critical angle in 
section IIVI taking the evanescent light in region 2 into 
account. In section [Vj we have discussed the conditions 
where R = based on the results attained in sections IIIII 
and IIVI The conditions for T = 0, the condition for the 
output light into the region 3 being zero, is not discussed 
because the total energy of the input lights (II + 12) is 
conserved to that of the output lights (01 + 02) in the 
present model, and the condition is clearly R+T = 1 + a. 



III. OUTPUT INTENSITY WHEN THE 
INJECTION ANGLE IS LESS THAN THE 
CRITICAL ANGLE 

Because no electric charge and no electric current ex- 
ist in the model of Fig[31 the Maxwell's equations to be 
solved are: 



V x E + d t B = 0, (la) 

V • B = 0, (lb) 

V x H - dtD = 0, (lc) 

V • D = 0, (Id) 



where dt means Jj, E and D are the electric field vec- 
tor and electric flux vector, respectively, and H and B 
are the magnetic field vector and magnetic flux vector, 
respectively. Using the dielectric constant e and the mag- 
netic permeability ji, the D and B arc expressed as: 

D = eE, B = fj,H. (2) 

In the present calculation, we set fi = 1 in all the regions. 

In general, equations (fTa|) and (flb|) indicate that there 
exist a scalar potential / and a vector potential A which 
fit to 

E = -V/ - 8 t A, (3) 
B = V x A, (4) 



3 



01(R) 




12(a) 1 OZ(T) 



FIG. 4: definition of parameters 



and for a gauge transformation below using any scalar 
function g: 



/ - / - dtg, 



(5) 
(6) 



E and B are invariant [3, 0| ■ 

Because we are solving a reflection and refraction 
problem, we take the gauge transformation above and 
particularly we take the Lorentz gauge of: 



V • A = 0, 



/ = 0. 



(7) 



Then we have expressed the incision light and the 
reflection light in the region 1 as below using the vector 
potential: 
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Similarly, we have expressed those in the region 2 as: 
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and we have expressed those in the region 3 as: 
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Here, oj,X and n in equations ((8|)- (fl~3|) are angular fre- 
quency, ^ of light, and refractive index of region 1 and 
3, respectively. 

Equations (f5|)- (fl"3"|) satisfy the condition of Lorentz 
gauge ([7|), and variables with suffix TM are for the TM 
mode and those with suffix TE are for the TE mode. 

The wave equation of the vector potential: 
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d?A ~ V 2 A = 0. 
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is derived using the Maxwell's equations (Q]), the rela- 
tion between field and flux ([2]), the relation between the 
vector potential A and the electric field E ([3|), the rela- 
tion between vector potential and magnetic flux B (fj[|), 
and also the relation between the light velocity c and the 
dielectric constant e and the magnetic permeability \x 
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where fi = 1 in the present study. 

Therefore, the vector potentials in each region satisfy 
the dispersion relations: 

-g- = — 2 , regions 1 and 3, (16) 
Ci X 

UJ 2 1 

— = 72 ' region 2, (17) 
C A 

where c\ is the light velocity in regions 1 and 3, c is the 
light velocity in vacuum or region 2 and A is the wave- 
length in vacuum. 

From equations (0), (j8"|)- (fl"3")) . we have derived the 
electric field and magnetic fields in region 1 as: 
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those in region 2 as: 



respectively. 
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Using these equations (|25H28I) . we have defined the 
light intensities R and T for TM and TE modes, respec- 
tively, as: 



and also those in region 3 as: 
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Note here that these light intensities are relative to the 
input light intensity (II) which has a value 1. This why 
symbols R and T are used instead of R and T. 

We also have defined the ratio of an intensity of the 
input light in region 3 (12) to that of the input light in 
region 1 (II) as: 
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From equation (fBlj) . it is possible to exist a phase dif- 
ference r\ between two incident lights (II) and (12) such 
as: 



The ratios R and T of the output light intensities into 
regions 1 and 3 (01 and 02) to the input light intensity 
II, respectively, can be derived from the ratios of long 
time averages of z-components (vertical to the bound- 
ary plane) of the Poynting's vectors of regions 1 and 3, 
where each of the long time average of Poynting's vector 
is derived as: 



S = -Re\E x B*l. 
2 L J 



(24) 



We have calculated the long time average of Poynting's 
vector of the input light in region 1 (II), that of output 
light in region 1 (01), that of input light in region 3 (12) 
and that of output light in region 3 (02) as following, 
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Notice that we can mathematically define modewise 
phase differences to satisfy equation (|31[) . however, we 
are interested in a phase difference caused by an optical 
path difference of a Mach-Zchndcr circuit as shown in 
Fig|2] Thus, we adapt only one phase difference r\ which 
is independent of modes. 

Now, E, H, D and B have to fit to the boundary con- 
ditions based on the Maxwell's equations HJ: 

• The parallel components to the boundaries of the 
electric and magnetic fields (E x ,E y ) and (H x ,H y ) 
should be continuous on the boundaries, and 

• The vertical components to the boundaries of the 
electric and magnetic fluxes D z and B z should be 
continuous. 
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From these conditions, we have derived the boundary where 



conditions as follows at z = 4; 
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These equations (I53l- ([55)l express the boundary con- 
ditions for E x and E y , that for D z , those for H x and 
H y and the boundary condition for B z , respectively. Be- 
cause the equations (|3"4")l and (f3"6")) are included in equa- 
tions (|3"3"]) and ([33]) , we have selected the independent 
boundary condition equations as: 
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These are two sets of boundary condition equations for 
TM and TE mode, respectively. 

We have found from equations (|37|) and (|38| that there 
exist two 2x2 matrices Mtm + and Ntm + such as: 
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and we have solved the equation as: 
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We have also derived another 2x2 matrices for TE 
mode from (|3"9")) and (|4"0"1) , and the solution is: 
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Similarly, we have derived the boundary conditions at 
= - J as: 
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and we have found the independent boundary conditions 
as: 
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We have derived a 2 x 2 matrices Ptm_ and Ptb_ from 
equations (f50|) - (l53"l) as: 
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Combining those with equations (|43|) and (|54|) , we have 
calculated the dependences of the output lights A^ M and 
AJp M on A TM and A TM for TM mode as: 
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We have also calculated those for TE mode as: 
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We have combined equations (J5SJ, ([21]), (O and (|55]) 
to derive: 
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We can also calculate Ttm and Tte which are not 
shown, and easily check the relations: 



Rtm + Ttm = I + a, 
Rte + Tte = I + a, 
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which tell that the energy in this model is conserved. 
Furthermore, from Sncll's equation: 
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and a definition of variable k: 

k = tan 2 8, 



(64) 
(65) 



we have led the relations among k, 9, n and (p expressed 
as: 
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Using the relations (f6"6")) and (j6"7| , we have finally derived 
Rtm and Rte as functions of d, A, a, n, and k as: 
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IV. OUTPUT INTENSITY WHEN THE 
INJECTION ANGLE EXCEEDS THE CRITICAL 
ANGLE 

When the injection angle exceeds the critical angle, 
the vector potential in region 2 is expressed by, instead 
of equation (JTUJ) and pT|) . a linear combination of: 
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With the boundary between region 1 and region 2 and 
in the large d limit, which means to remove region 3, the 
injected light is reflected back to region 1 by the 'total re- 
flection', and there exists no light propagating into region 
2 to z direction. Instead, the evanescent light expressed 
by equation (|7ip is generated which decays in a short dis- 
tance of order of wavelength exponentially according to 
distance from the boundary. Both ([7U)l and (|7Tj) are solu- 
tions of the Maxwell's equations, but usually ([70]) is not 
considered because the intensity of the electro-magnetic 
field becomes infinity at z — —00, contrary to locality 
that is common understanding of physics. 
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With derivation similar to that in section lTITl and using 
equations lp } I72 l [25 } H5 ) l73 l l23" j) . we have derived the 
independent boundary conditions at z = 4 as: 
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However, in the present model where the region 2 is 
not infinite but has a definite value of width (thickness), 
we have to be careful that equation (|7D|) is finite intensity 
everywhere in region 2 and therefore we cannot neglect 

Cm}. 

Different from the usual light propagation expressed 
by equations (|I0|) and (|Iip , the energy propagation in 
region 2 appears only in the cross term of ([70)1 and (fTTj) 
expressing the interaction of evanescent lights which de- 
cays exponentially to the directions of +z and —z, re- 
spectively. This is supported with the fact that, in the 
large d limit with fixed boundary between region I and 
region 2, where region 3 is removed, there occurs the total 
reflection and (fTTj) becomes the only solution for region 
2, and there exists no energy propagation to —z direction 
in region 2. 

We have calculated the electric field and magnetic field 
in region 2 from equations l|70p and (fTTj) as: 



E 2 = 



^ sinh ip' 

,(2,1) 
TE 
(2 1) 

\iA K T ' M cosh ip 

^tm sinh f' 

4(2,2) 

— iA^M cosh(/p'y 
— iAp^ 1 -' sinh<// 

' TAf 

Ay^ 1 ' cosh 
^ %A^,' E sinh 

.•4 ( 2 . 2 ) 
TM 

\Ate cosh 





I 




cosh ip f x-\-i sinh ip 1 z \ 



(73) 



.(2,1) 



,4 



(2,2) _d_5i£hj£l 



TM 

' cos6 L Hmsinhtp / cos6 L -msmhtp / \ / .o 
_ I 2 sinh 93' _ 2sinhip' |[ ^TM e ° 

A TM e 



cosff-'msinhy 0036^7^1111^ 
2 sillily' 2sinhcp' 

\A TE ^ e 

n cosf^Ha sinhy n cosfl— 'i sinhy/ v 

isinhip' i sinh ip' 

_ n cosfl—E sinhy/ n cos6H^ sinhtp' 

i sinh <p' i sinh ip' 




A\ E e l 
A^, E e 



We have also derived those at z 



sinh^Ay^e 'm* + A r 2 ^e ) 



cos6'(y4y M e lT 



Aj, M e 



(21) dsinh^ ,(2,2) jiW 

H-^TM e ~ A TA;f 6 J 

q „■ rtd cos & 71 nd cos 



-n(A d TM e l ^ ~ A l TM e 



A <2,1) i*%X- 
-f± TE e 



(2 2) dainhy' 

si TE e 



>'(4^ - 
ncosfl^f^e 1 



-i sinh ip'(A TE ' e 



A TE e 



(78) 



(79) 



(80) 

(81) 
(82) 
(83) 
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and 



long time average as in section Hill 



TM e 



.4 



(2 2) dsinh v>' 



TM 



/ cos&ji'ri sinhtp cosfl—m sinhc/?' \ / -3 
_ [ 2 sinh ^' 2 sinh ^' | [ 

I cosfi-^n sinhy/ cosfl+m sinhy ' ' ' ' ' ' ' 




ncosB-H sinhcp' 
i2 sinh tp' 

_ ncosfl— i sinhy/ 7icos6-H sinhtp' 
«2 sinh i2 sinh 



From equations fTS]). ([79]) . ([84]) . fSS]). we have calculated 
the Poynting's vectors as: 



^(cos^+n^inhVO sinh( dsin A hy ' )^ Af 
+2n cos 9 sinh ip'A TM 



a r 

A TM 



d sin ip' - 



2ra cos 9 sinh <// cosh( — ^ 
+i{cos 2 9-n 2 sinh 2 ip') sinh(^f^) 



(86) 



A R 

TE 



2 (n W64«inhy ) sinh( dsin A hy ' )Ai 



+2n cos 9 sinh </?'^4t 



d sin y?' 

UGlll 

+i(n 2 cos 2 (9 - sinh 2 ip') sinh(^f^ 



2n cos 9 sinh y>' cosh( ^f^-) 



(87) 



and 



R 



TM 



(cos 2 9+n 2 smh 2 (p') 2 sinh 2 ( dul s g h y ' )' 
+4cm 2 cos 2 6* sinh 2 
— 4y / cm sin?7 cos# sinht/?' 
x(cos 2 0+n 2 sinh 2 ^)sinh(^i^) . 



R 



(cos 2 9 + n 2 sinh 2 ^ ) 2 sinh 2 ( ; 
+4n 2 cos 2 9 sinh 2 ip' 

(sinh 2 v?' + n 2 cos 2 9) 2 sinh 2 ( ) 
+4cm sinhy/ cos# 



(90) 



-4sin?7y / an sinhy/ cos# 



x(sinh 2 ip' + n 2 cos 2 0) 2 sinh( 



sinh 



(sinh 2 ip' + n 2 cos9) 2 sinh 2 ( 



+4n 2 cos 2 9 sinh 2 



(91) 



Using Snell's equation (l64]) and the definition of k ex- 
pressed in equation (|65p , we have led the relations among 
n,9,n, and </?' expressed as: 



sinh ip' 
cos 

sinh (ys' = 



1/t-l, 



Ik - 1 



(92) 
(93) 



Using the relations (|92|) and ([93]) , we have finally derived 
Rtm and Rte as functions of d, A, a, n, and k as: 



A 1 - 

TM — 



2n cos 9 sinh (/?' 



^(cos 2 0+« 2 sinhVO smh { dsi ff' )A 



TM. 



2n cos sinh ip' cosh( - 



.4 



TE 



-i(cos 2 9-n 2 sinh 2 sinh(^i^; 



2n cos sinh y/j4y B 
-£(nW64*mhV / ) sinh( dsinlly ) y^ g 



(88) 



2n cos 9 sinh ^ cosh( ) 
-i(n 2 cos 2 - sinh 2 ip') sinh(^f^) 



(89) 



We have calculated the intensity ratios by taking the 



Rtm — 



R 



TE 



(n 2 -l) 2 (n 2 K -l) 2 sinh 2 (|^(^i; 
44an 2 [(n 2 -l)K-l] 
— 4 %fa smrjn \J in 2 — 1)k— 1 



x(n 2 -l)(n 2 K-l)sinh(f^Hp) 



(n2-l)V^-l) 2 sinh 2 fy^^) 
+4ri 2 [(n 2 - 1)k - 1] 

'(n 2 - 1) 2 («+ 1) 2 sinh 2 (^Egtl)' 
+4an 2 [(n 2 -l)K-l] 
+4n 2 [(n 2 - 1)k - 1] 
+4y / a sinnn ^/ (n 2 — — 1 

_x(n 2 -l)( K + l)sinh(f V / ^^) 



(n 2 -l) 2 ( K + l) 2 sinh 2 (| v A 



lid /(w 2 -1)k-1 



K + l 



+4n 2 [(n 2 - 1)k- 1] 



(94) 



(95) 
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CONDITIONS FOR R = 



Summing up results in sections IIIII and IIV1 we have 
attained the following equations: 

{n 2 -l) 2 (n 2 K-l) 2 S 2 ( K ) 
-Han 2 \(n 2 -l)n-l\ 



Rtm 



— 4y / a smr)n^\(n 2 — l)n — 1| 
x(n 2 -l)(n 2 K-l)5* d (K) 



{n 2 -l) 2 {n 2 K-l) 2 S 2 ( K ) 
+4n 2 \(n 2 -!)«;- 1| 



(96) 



R 



TE 





(n 2 -l) 2 (n+l) 2 S 2 ( K ) 
+4an 2 (n 2 -l)K-l| 




+4y/a sim/n yj \ (n 2 — 1 ) n - 
x(n 2 -l)( K + l)S d (K) 






-(n 2 -l) 2 (K+l) 2 S 2 (n) 
-Hn 2 \(n 2 - 1)k - 1| 





(97) 



where 



sin 



sinh(^ 



1-(w 2 -1)k> 



l + K 



if < k < 



n 2 -l ! 



(k 2 -1)k-1 n 

K+l ; 



if -^3— < K 

n 2 — l — 



(98) 



At 77 = | for TM mode and at 7] = -f for TE mode, 
we have derived equations (|96p and (|97p respectively: 



Rtm 



-2 wan 



[(n 2 -l)(n 2 K~l)S d (K) 



^\{n 2 -l)n-l\ 



Rte = 



(n 2 ~l) 2 {n 2 K-l) 2 S 2 (n) 
+An 2 \{n 2 - 1)k- 1| 

[(n 2 -l)(K+l)S d ( K ) 



(99) 



-2VSnv/|(n 2 -l)K-l| 



(n 2 -l) 2 ( K + l) 2 5 2 ( K ) 
+4n 2 |(n 2 - l)/c - 1| 



(100) 



Because each of the numerators of and (|100p is 
perfect square of a difference, we can realize Rtm — or 
Rte = by selecting appropriate values for a set of free 
parameters (k, a,n). For TM mode, those parameters 
should satisfy: 



(n 2 ~l)(n 2 K-l)S d (K) = 2^n^\(n 2 - 1)k - 1|, (101) 



and for TE mode: 



(n 2 - 1)(k + = 2Vanv/|(n 2 - 1)k - 1 

Rewriting (fTUTj) and ([102]) : 

* 2 -l) 2 (n 2 K -l) 2 S 2 ( K ) 



a 



a 



4n 2 |(n 2 - 1)k - 1| 
(n 2 -l) 2 („+l) 2 S 2 ( K ) 
An 2 \(n 2 - 1)k - 1| 



TM mode, 
TE mode. 



(102) 

(103) 
(104) 



Equations (|103|) and (|104p are shown in Figs[5] and 
respectively, for n = 1.5. 



r/ A § — 

d/A = 7T -- 

d/X = 4 



p r 
' / 

; / 

, / 

I / 

' 7 
' / 

: /: 
< / 



V 



FIG. 6: /t — a relation for TM mode with n = 1.5 




FIG. 7: k — a relation for TE mode with n = 1.5 



Namely, when a is on either curve of Fig[6] or FigUJ 
Rtm or Rte can be switched to and a finite value 
depending on r\ as: 



Rtm — 
Rte = 



0. 

4a 

a+1 : 

o, 

4a 

a+1 ' 



at 77 = |, 

at 77 = — I 

at 77 = — |, 
at 77 = f 



(105) 
(106) 



The finite value of i? above is shown in Fig[5]as a func- 
tion of a. Equations (|105p and (| 1 06|) tell that when this 
device is coupled with a Mach-Zchnder interferometer of 
FigfT] and composed as an optical switch as FigQ] using 
some kind of phase controller in one of transmission lines 
of the interferometer, the intensity of the output light at 
'on' does not explicitly depend on incision angle 9 nor 
width of vacuum layer d. 

Finally, we will discuss on inverse functions k = n(a) 
of equations (|103p and (|104[) . For equations (| 1 05|) and 
(j!06p . it seems more realistic to decide incision angle 9 
corresponding to R after deciding the intensity ratio a of 
the light intensity of 12 to that of II. 

For TM mode, equation (| 1 03[) shows that a is a mono- 
tonic increasing function of k G [-^,00) with a(-^j) = 
and a — > 00 in large k limit, so that for any a > 0, there 
uniquely exists k S 00) which satisfy equation (|103|) . 
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the results, we have found that one of two output lights 
can be made zero by appropriately selecting set of values 
of a, phase difference of the two input lights 77, d and 9. 
Namely, 

1. There exists a set of parameters (uq, 9q, do, 770) that 
makes one of output light zero (R = 0). And for 
these set of values and replacing 770 to 770 + 7r, 



- = Ja_ 



a 



FIG. 8: R at 77 = 770 + n 



Here 770 is \ for TM mode and —5 for TE mode, 



On the other hand, for TE mode, as shown by FigJTJ 
there exists some range of a value which cannot be 
reached for any k value. Actually, equation (|104j) be- 
comes around k — 0, 



(n 2 



1) 



An 2 

(n 2 -l) 2 (n 2 +l) 2 



8n 2 
0( K 2 ). 



sin(^){tan(|) 



d 

TA> K 



(107) 



The coefficient of the first order of k in equation (|107|) 
is positive for a region < 4 < ir, and within this region, 
a is a monotonic increasing function of k around k = 0. 
Therefore, in the region < 4 < n, the a takes the 

2l '' 1 ■>< " — 0. For the region 
there exists at least 



minimum value A 2 i 
7r < 4, since a = at n - 



one k > 



d— 7rA 



* V X } *^ ^ 

d— nX 
dn'-t+itX-d ' 



for any a > 0. 



Based on those discussion results, we have attained 
the following statements for a value for Rte = in TE 
mode: 



• for < f < tt: 



There exists a k for Rte 
value of a larger than ^-j 



for any non-negative 



-if 



shr(^), and 



• for 7r < j. 



there exists k for Rte = for any non- negative 
value of a. 



VI. CONCLUSION 

We have taken as the study model an infinite dielectric 
region with refractive index n divided by an two dimen- 

d 

2 • 



sionally infinite vacuum layer between z = 4 and z 
Two input lights are injected from the upper region 1 
(z > 4) and the lower region (z < — |) with intensity of 
1 and a, respectively, and with the same injection angle 
9. We have solved the intensity of output lights into re- 
gion 1 and 3 directly from the Maxwell's equations. As 



2. When a TM mode light is used as the input light, 
for any set of (0,d), a value of a can be obtained 
by equation (|103[) which makes R = at 77 = ^. 
Particularly for 9 larger than the critical angle and 
evanescent light exist in region 2 (vacuum region 
between upper and lower dielectric region), a for 

R = satisfies a > ( "^ 4 1)2 (|) 2 , and 



3. When a TE mode light is used as the input light, 
for any set of (9,d), a value of a can be obtained 
by equation (|104[) which makes i2=Oat?7 = — \. 
Particularly for 9 larger than the critical angle and 
evanescent light exist in region 2, a for R = sat- 
isfies a > ^(f ) 2 . 

The above results 1-3 suggests a possibility that, using 
a Mach-Zchnder interferometer with controlling phase 
difference between two transmission lines to ? or — ^ , we 
can control the output light on and off. One point is that 
the output light is perfectly eliminated at switched 'off' 
without depending on a. This tells that the new switch 
proposed here is better than the usual Mach-Zehnder in- 
terferometer because in a Mach-Zehnder interferometer, 
a perfect branching of input light of 50 : 50 is necessary 
to get the output zero at 'off'. More notable point better 
than a Mach-Zehnder interferometer is that, the output 
light is controlled to on and off with a light much weaker 
than the output light at 'on'. In a case of a = 0.10 for 
example, the output light intensity at 'on' is = 0.36. 
In this case, the output light is controlled by a control 
light with intensity of of the output light. From en- 
gineering point of view, this means that a control light 
can be divided to several optical switches which is one of 
critically important features for the switch to be applied 
in logic circuits. 

Since a real optical device has a finite size of several 
to ten times larger than the light wavelength whereas an 
infinite model is studied in this paper, effects of finite 
size such as the effect of the higher modes must be inves- 
tigated in future. Furthermore, effect of real boundary 
plane being not perfectly flat and not perfectly parallel 
shall also be investigated. 
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